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Abstract 
The objective of this research is to derive production performance indicators for comparison of industrial symbiosis initiatives
and cleaner production measures. Normalization by production amounts is not applicable for multi-company industrial symbiosis 
systems. Therefore normalization by cumulative added value and the determination of cumulative intensity indicators is 
proposed. To demonstrate this approach, the cumulative energy and CO2 intensity for two alternative brewer’s spent grain reuse 
scenarios are determined. The results of cumulative intensity indicators are higher for the biogas alternative, suggesting that the 
use brewer’s spent grain for baked goods production should be further investigated. These results provide decision-making 
support for the selection of the better measures in context on the whole life cycle. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Industrial symbiosis is inter-firm cooperation to implement resource, energy and by-product exchanges between 
industrial companies and to benefit from the close location between the sources of materials and the companies 
which use them in production [1]. This way resource cascading contributes to increased resource efficiency and 
regeneration of industry-generated wastes. Cleaner production is an intra-firm measure to simultaneously improve 
production and resource efficiency and reduce industrial impact on the environment [2].  
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Yang and Feng [3] suggest that, firstly, cleaner production measures and eco-efficiency should be implemented at 
the company level to minimize absolute resource consumption, and waste and emission generation; secondly, 
industrial symbiosis should be implemented for those by-products that cannot be avoided through cleaner 
production. Both approaches can improve resource efficiency and lead to more sustainable industrial development. 
Liu et al. [2] suggest an integrated approach for simultaneous implementation of cleaner production and industrial 
symbiosis. Though these measures can complement each other, they can also interfere, e.g. profit gain from by-
product exchange decreases a company’s willingness to invest in cleaner production measures that improve resource 
efficiency and reduce by-product generation [1]. There is a lack of comparison of cleaner production and industrial 
symbiosis to determine which measures are the most appropriate in a specific case.  
At the company level, the definition of a system and its boundaries is less complicated than at the inter-firm 
level; the decision making process is easier due to a common aim and goals of the involved stakeholders and 
information availability. This has contributed to maturation of a company’s production performance analysis and 
implementation of cleaner production measures. Pubule et al. [4] note that capacity differences limit the 
comparability of companies of different size and over time. Therefore performance analysis is typically applied 
through the use of specific resource consumption (or emission generation) indicators. These indicators allow 
identifying performance inefficiencies that could be improved. As the value creation process at a single-company 
level can correspond to value creation for multi-company systems, in this study the production performance analysis 
is adapted for the inter-firm level. Expanding the analysis to an inter-firm level allows assessing the performance of 
multi-company systems, i.e., industrial symbiosis. 
Compared with the company level, at the inter-firm level, the production performance analysis encounters 
various obstacles. Comparison cannot be performed at the inter-firm level on the basis of production amount as 
different companies have different products. Therefore normalization units that are typically applied at the company 
level are not effective for analysis of multi-company cooperation systems as they cannot be compared at various 
stages of the industrial symbiosis value chain. 
The objective of this research is to derive production performance indicators for the comparison of industrial 
symbiosis and cleaner production measures and demonstrate their application. The article is organized as follows: 
the literature review on industrial symbiosis analysis is summarized in chapter 2, chapter 3 describes the proposed 
methodology. Chapter 4 presents demonstration of this approach through a case study and chapter 5 provides 
conclusions and discussion.  
2. Industrial symbiosis analysis methods 
As inter-firm relationships are more complex than intra-firm connections, analysis of industrial symbiosis is more 
complicated than company level analysis. There is no consensus on a definitive approach for analysis of the 
performance and efficiency of inter-firm industrial systems. Two research directions are mainly exercised: 
biophysical and network analysis. Biophysical analysis is used to quantify resource flows and environmental 
impacts of industrial symbiosis, whereas network analysis focuses on characterizing network structure, connectivity, 
and relationships among involved stakeholders [5]. Material flow analysis (MFA) is a typically applied biophysical 
analysis to develop indicators that characterize resource consumption and identify potential improvements of 
resource efficiency.  
Though MFA has been applied for analysis of industrial symbiosis networks, it faces limitations regarding the 
normalization or weighting. Seager and Theis [6] indicate that linear aggregation is the most common weighting 
method for thermodynamic and environmental metrics. Nevertheless Hoang [7] states that use of aggregate mass 
flows to characterize resources and materials with differing qualities is one of the important shortcomings of 
resource efficiency indicators in MFA. For inter-firm level analysis, a linear aggregation of production amounts 
cannot be used as the normalization unit due to the differing types and quality of goods produced at each of the 
different companies. 
Wen and Meng [8] apply substance flow analysis and resource productivity indicators to assess copper, water and 
energy flows over the printed circuit board production chain. They define resource productivity for three particular 
segments of the production chain so the specific increase of resource productivity due to the pro-longed use of 
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resources is identified. Nonetheless, this approach only considers the material and energy input in production and 
does not account for generated waste and emissions.  
The present study attempts to strengthen the capabilities and overcome the limitations of existing industrial 
symbiosis analysis methods, by deriving cumulative intensity indicators for the evaluation of resource consumption 
and the generation of emissions over the production value chain. 
3. The analytical framework 
3.1. Production performance analysis within cleaner production 
Cleaner production and industrial symbiosis share common objectives: ensuring pollution prevention, increasing 
resource efficiency and moving towards zero waste [9]. Within the European Union, the implementation of cleaner 
production measures is guided by the framework on Integrated Pollution Prevention and Control and best available 
technique reference system [10]. Cleaner production analyses production performance and implements a 
preventative strategy for the reduction of industrial impact on the environment [11, 12]. Production performance 
analysis identifies the specific resource consumption and emission generation, which are used to characterize the 
production process and to identify inefficiencies. The use of specific indicators is important for benchmarking and 
selecting best available techniques [11]. 
In cleaner production analysis data comparability is provided through normalization in respect to unit of product 
or sales revenue of the produced products [13]. In case of a production process with many main products, 
performance data can be normalized in respect to the amount of processed fresh material (e.g. dairy industry 
typically uses the amount of processed milk as a reference unit) [11]. Unlike the single company level, industrial 
symbiosis systems have crucial limitations because system boundaries are broader and incorporate many production 
processes with a multitude of raw materials and products. Therefore normalization in accordance with production 
amounts is not applicable and the main problems for comparison of industrial symbiosis systems are differing in 
their quality and the environmental impact categories of various types of exchanged materials. Due to the analogy 
between the single company production process and the multi-company industrial symbiosis network, we propose 
applying production performance indicators for analysis of industrial symbiosis networks using the cumulative 
added value for normalization. 
3.2. The value chain approach 
As symbiotic exchange flows reach out of the scope of one company, indicators for industrial symbiosis 
characterization should be chosen taking into account the whole system perspective. Hicks et. al. [14] highlight how 
a series of production processes are contribute to the product supply chain by either adding value or by generating 
loss and waste, thus influencing the total cumulative added value of the product. By analogy to Hicks et. al. [14], 
industrial symbiosis systems can be analyzed as a series of single production steps (connected through by-product 
exchanges) that influence the cumulative added value of the production chain (see Figure 1). Wen and Meng [8] 
similarly assess the resource productivity for three individual stages of the production chain. 
The cumulative added value accounts for the value of all products and by-products of the network at a given 
stage of the product value chain. For evaluation of the performance of industrial symbiosis network, the cumulative 
intensity indicator is proposed. Here, the cumulative added value is used as a normalization unit allowing 
application of the production performance indicators at the inter-firm level. The comparison of production systems 
is based on attributing the impact of various environmental factors to the cumulative added value over the 
considered production stages. 
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Fig.1. Generic model for evaluation of industrial symbiosis performance (adapted form Hicks et. al. [14]). 
The generic equation for cumulative intensity is presented in Equation 1. This equation can be adapted to 
determine the intensity of various factors, e.g., raw resource consumption, water or energy consumption, generation 
of wastes, wastewater or emissions, amount of exchanged by-products, etc. For example, to determine the 
cumulative intensity of CO2 emissions, the cumulative amount of CO2 emissions over the considered production 
stages is attributed to the cumulative added value over the considered production stages. The use of the cumulative 
added value allows for the normalization of impact for multi-company systems. If necessary, the sub-processes in 
main production can be evaluated separately to compare specific cleaner production measures and other alternatives.
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where  
CIF – cumulative intensity of considered factor F, 
F – value of considered factor F at production stage i,
AV – added value at production stage i,
i – designation of particular production stage, 
n – total number of production stages considered. 
4. Framework demonstration: a case study 
Industrial symbiosis is emerging in Latvia and several typical by-product reuse scenarios have been identified 
[15]. In many cases the cooperation is implemented between low-technological intensity industries, e.g., food and 
beverage manufacturing, wood processing. Most of this collaboration is guided by economic rather than 
environmental considerations. Lack of a systemic approach can lead to implementation of an unsustainable system 
in the long-therm. The cumulative intensity indicator can be applied to compare cleaner production and industrial 
symbiosis measures. This provides decision-making support for the selection of a better approach in context of the 
whole life cycle. 
During site visits to five Latvian breweries, plant stakeholders expressed a necessity for an economically and 
environmentally more effective pathway for reuse or exchange of brewer’s spent grain (BSG). To demonstrate an 
application of the cumulative intensity indicator, we construct two alternative scenarios for BSG reuse. Scenario 1 
involves exchange between a brewery and a biogas plant (industrial symbiosis), where BSG is used for production 
of biogas. Scenario 2 involves installation of an onsite dryer at the brewery to increase the quality of BSG so it can 
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be used as a food supplement (cleaner production). Energy consumption aspects are evaluated for the two scenarios 
and the cumulative intensity indicators are determined for two factors: energy consumption and CO2 emission 
generation. The input data is based on information acquired during site visits at the breweries. The used dataset 
presents a generalized case and considers three year average values for one of the visited breweries.  
4.1. Scenario 1: Biogas production alternative 
In Scenario 1 three production processes are considered: (1) beer brewing, (2) transportation of produced BSG to 
the biogas plant, (3) its reuse for production of biogas and sequential co-generation of electricity and heat (see 
Figure 2). Additional information was acquired from literature: the methane production yield from BSG (218.89 
m3CH4/t) and methane calorific value (9.968 kWh/m3) are assumed accordingly to [16]; the efficiency of a co-
generation plant using BSG based biogas (88.4 %) is assumed accordingly to [17].  
Fig. 2. Scheme of considered processes in Scenario 1: Biogas production alternative. 
Fig. 3. Results of cumulative intensity indicators for Scenario 2: Biogas production alternative. 
Figure 3 presents the results for Scenario 1. Resource intensity is the inverse of resource productivity and, 
according to Kovanda et al. [18], they can be used interchangeably provided that the particular improvement 
direction is taken into account: resource productivity should be increased and resource intensity – decreased. For 
Scenario 1 the cumulative energy consumption intensity and cumulative CO2 emission intensity are increasing 
further along the production chain. This indicates that the added value over the latter production stages is not 
increasing as fast as energy consumption and CO2 emissions. This could be because the reuse of BSG for energy 
production is not a high added value commodity. To illustrate how the cumulative CO2 intensity indicator can 
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represent the advantages of the use of renewable energy resources, results considering the actual and zero CO2
emissions for biomass are presented.  
4.2. Scenario 2: Baked goods production alternative 
The interviewed brewery representatives have considered implementing on-site drying of BSG and production of 
baked goods, e.g. cookies. Therefore it is chosen as a potential cleaner production measure. Three production stages 
are considered in Scenario 2: (1) beer brewing, (2) on-site drying, (3) bakery (see Figure 4).The necessary data and 
assumptions about drying and bakery processes were acquired from literature and the results of past laboratory 
analysis of BSG of Latvian origin. The considered input moisture content is 68.0 w-% (determined by laboratory 
analysis according to standard LVS EN 14774-2 [19]), net calorific value for BSG is 10.68 MJ/kg (at moisture 
content 40.0 w-%) and the carbon content 46.3 % (on dry basis) [20].  
Fig. 4. Scheme of considered processes in Scenario2: Baked goods production alternative. 
Tang et al. [21] reports that spent grains need to be dried to about 10 % moisture content to ensure their 
prolonged storage; Stojceska and Ainswort [22] report drying BSG to 5–7 % moisture content before milling and 
use for bread making. Two drying options were considered in Scenario 2: drying from 68.0 w-% to 40.0 w-% (used 
for providing energy) and drying from 68 w-% to 7 w-% (used in bakery). The specific energy consumption for a 
bakery is assumed to be 600 kJ/kg as defined in [11]. Only few literature sources mention the economic aspects of 
producing baked goods from BSG and only general assumptions (not specific values) have been presented [23, 24]. 
Regarding proportions of BSG Steinmacher et al. [25] have reported 12 % addition of BSG to dough for bread 
making; Stojceska and Ainswort [22] report 10 %-20 %-30 % BSG addition to bread dough. As in-depth analysis on 
the most beneficial production technology and economic gains is out of the scope of this study, the addition of BSG 
is assumed to consist of 15 % for the baked cookie mass and the potential economic gains are proportionally derived 
from the end product price.  
Fig. 5. Results of cumulative intensity indicators for Scenario2: baked goods production alternative. 
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Figure 5 presents results for Scenario 2. Both cumulative intensity indicators follow a similar pathway - the 
drying process results in indicator increase, nevertheless, the lower energy consumption at the bakery and higher 
added value of produced cookies, provides a minimal indicator increase at the third processing step. Considering 
zero CO2 emissions for combustion of renewable biomass, the cumulative CO2 intensity stays at constant level in 
first two production stages, and decreases minimally at the bakery production stage. This is because the drying 
process does not provide any increase in added value, and the added value of the bakery is small.  
The cumulative intensity approach allows analyzing the performance for different production alternatives – 
cleaner production measures can be compared with industrial symbiosis. The results for both alternatives show a 
different increase of cumulative intensity in each case. The overall cumulative intensity for both factors is higher in 
biogas alternative, meaning that the baked goods production alternative can be further considered in depth. 
Conclusions 
The presented approach involves applying production performance indicators (which are typically used for 
characterization of resource consumption at a single company level) for multi-company industrial symbiosis 
cooperation. The cumulative added value is used as the normalization unit for a series of production processes. 
Importantly the cumulative added value is applicable and relevant for various types of production and products 
therefore different resource efficiency measures can be compared. The presented approach also allows the 
comparison of both company and inter-company level resource efficiency solutions, provided that company level 
indicators are expressed in terms of added value. The application of cumulative intensity analysis is demonstrated 
through a case study on the comparison of two alternatives for BSG reuse. The case study also presents indicator 
ability to illustrate the advantages of renewable energy resource use. 
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